A high-throughput proteomic approach was employed to determine the expression profile and identity of hundreds of proteins during seed filling in soybean (Glycine max) cv Maverick. Soybean seed proteins were analyzed at 2, 3, 4, 5, and 6 weeks after flowering using two-dimensional gel electrophoresis and matrix-assisted laser desorption ionization time-of-flight mass spectrometry. This led to the establishment of high-resolution proteome reference maps, expression profiles of 679 spots, and corresponding matrix-assisted laser desorption ionization time-of-flight mass spectrometry spectra for each spot. Database searching with these spectra resulted in the identification of 422 proteins representing 216 nonredundant proteins. These proteins were classified into 14 major functional categories. Proteins involved in metabolism, protein destination and storage, metabolite transport, and disease/defense were the most abundant. For each functional category, a composite expression profile is presented to gain insight into legume seed physiology and the general regulation of proteins associated with each functional class. Using this approach, an overall decrease in metabolism-related proteins versus an increase in proteins associated with destination and storage was observed during seed filling. The accumulation of unknown proteins, sucrose transport and cleavage enzymes, cysteine and methionine biosynthesis enzymes, 14-3-3-like proteins, lipoxygenases, storage proteins, and allergenic proteins during seed filling is also discussed. A user-intuitive database (http://oilseedproteomics. missouri.edu) was developed to access these data for soybean and other oilseeds currently being investigated.
Soybeans are responsible for approximately $12 billion in annual crop value and more than $5 billion in annual export value to the U.S. economy (Gunstone, 2001) . Soybeans (and other oilseeds) are a significant source of fatty acids and proteins for human and animal nutrition as well as for nonedible uses, including industrial feedstocks and combustible fuel (for review, see Thelen and Ohlrogge, 2002) . The major source of these commodities is the seed, and a better understanding of this structure will be important for future biotechnology efforts.
During a 4-to 5-week period of soybean seed development, most of the storage reserves for germination are synthesized; this phase of development is generally termed seed filling. At maturation, approximately 41% of soybean seed dry weight is storage protein (Hill and Breidenbach, 1974) , and the two prevalent seed storage proteins are glycinin and b-conglycinin (Roberts and Briggs, 1965; Hill and Breidenbach, 1974; Thanh and Shibasaki, 1976) . Storage proteins accumulate primarily in the protein storage vacuoles of terminally differentiated cells of the embryo and endosperm and as protein bodies directly assembled within endoplasmic reticulum (Herman and Larkins, 1999) . The synthesis of storage proteins and the formation of specialized vacuoles occur after cell division is complete, when all further growth occurs only through cell expansion and accumulation of storage reserves (for review, see Herman and Larkins, 1999) . Approximately 18% to 21% of soybean seed dry weight is oil in the form of triacylglycerol. From 24 to 40 d after flowering (DAF), oil percentage increases rapidly and by the end of this period accounts for approximately 30% of the total oil of the mature seed. The remaining 70% is synthesizing during 40 to 64 DAF, also a period of seed desiccation (Rubel et al., 1972) .
Seed filling has been investigated recently in Arabidopsis (Arabidopsis thaliana) on a global, transcriptome level. Microarray analyses of developing seeds revealed complex networks of gene expression Ruuska et al., 2002) . For example, a number of genes encoding core fatty acid synthesis enzymes displayed a bell-shaped pattern of expression between 5 and 13 DAF. By contrast, the expression of storage proteins, oleosins, and other known abscisic acidregulated genes increased later and remained high. With recent development in protein identification techniques, large-scale profiling of anonymous proteins is becoming routine, and these analyses can also reveal information about posttranslation modifications in addition to protein accumulation. However, despite the importance of seed filling, systematic proteomic analysis of this phase of seed development is only beginning to be investigated in legumes. Proteomics of seed development was investigated recently in Medicago truncatula (Gallardo et al., 2003) . This study confirmed the identity and expression of proteins previously proposed to accumulate during seed development and also provided information about proteins presumably involved in cell division during embryogenesis.
Other proteomics investigations of legume seeds include two surveys of the principal proteins expressed in mature soybean seeds (Herman et al., 2003; Mooney and Thelen, 2004 ). These investigations identified approximately 100 and 40 proteins, respectively, from mature soybean seeds and provided the basis for future comparative analysis of soybean seed development. These investigations also demonstrated that high-throughput proteomics can be performed on soybean using either peptide mass fingerprinting (PMF) or tandem mass spectrometry for protein identification. As the complete genome sequence for this crop presently is not available, databases of nonredundant, contiguous expressed sequence tags were relied upon in both investigations for bioinformatic mining. In this investigation, we present a systematic study of more than 600 proteins expressed during five key stages of seed development in soybean. A Web-based database was developed to archive all expression and PMF data for public accession in a userintuitive format.
RESULTS

Staging and Characterization of Developing Soybean Seed
The primary objective of this study was to characterize global protein expression during the seed-filling phase of soybean seed development. For the best coverage of this period, whole seeds were analyzed at precisely 2, 3, 4, 5, and 6 weeks after flowering (WAF). The experimental period included the late morphogenic phase (2 WAF), which is completed when seeds are about 2 mm long, the period of cell division (3, 4 WAF), and the cell enlargement period (5, 6 WAF) but not the early embryogenesis or the seed maturation phases (Mienke et al., 1981) . Figure 1 shows the characteristics of the developing seeds used in this study. These data are in agreement with measurements published previously (Rubel et al., 1972; Yazdi-Samadi et al., 1977) . However, fresh and dry weight values are slightly higher, which can be attributed to differences between varieties and growth conditions.
Narrow-Range Isoelectric Focusing Is Necessary for High-Resolution Proteome Maps
Whole proteins from staged developing soybean seed were resolved and detected using high-resolution two-dimensional electrophoresis (2-DE) followed by colloidal Coomassie Blue staining. Initial analyses were performed with immobilized pH gradient (IPG) strips that ranged from pH 3 to 10 ( Fig. 2A) . It was observed that the region from pH 4 to 7 was a highly dense area on the proteome map; therefore, additional Figure 1 . Development of soybean seeds during the experimental period. A, Whole seeds at the five stages of seed filling. Experimental sampling began exactly 2 WAF and continued at precisely 7-d intervals until 6 WAF. B, Individual seed size characteristics, including length (x), thickness (y), and width (z), were determined using an ultramicrometer. Each value is the average of 10 seeds; SD is denoted by error bars. C, Seed fresh and dry mass during the experimental period expressed as mass per seed. Values are the average of 10 determinations; SD is shown. D, Total protein content per seed during the investigated period of seed filling. Values are the average of 10 determinations; SD is shown.
analyses with pH 4 to 7 IPG strips were performed to improve spot resolution (Fig. 2B) . The 2-DE maps showed a highly dynamic proteome during soybean seed development. The late morphogenesis phase of seed development (2 WAF) and the early cell division stage (3 WAF) showed similar 2-DE spot patterns. Late cell division (4 WAF) and cell enlargement (5 and 6 WAF) periods were characterized by an increasing abundance of seed storage proteins, which accounted for approximately 35%, 53%, and 60% of total seed protein, respectively.
Altogether 679 Spot Groups Were Quantified Using 2-DE
After 2-DE, gels were imaged and analyzed using ImageMaster Platinum software (Amersham Biosciences, Piscataway, NJ). For protein expression analyses, the volume of each spot was expressed as relative volume, a ratio of individual spot volume to the sum of spot volumes for all analyzed spots. Analysis of relative volume, instead of raw volumes, corrected for subtle experimental variations due to protein loading and staining. Moreover, the relative volumes were Figure 2 . Analysis of proteins (1 mg) isolated from immature soybean seeds of 2-, 3-, 4-, 5-, and 6-WAF periods by 2-DE in combination with colloidal Coomassie Brilliant Blue staining. A, Protein analysis using wide-range IPG strips with pH range from 3 to 10. B, Two-dimensional electrophoresis of highly dense region of pH 4 to 7 using narrow-range IPG strips. Isoelectric points (pI) and molecular mass (in kD) are noted. Reference gel is a composite of all 5 seed stages obtained by pooling 0.2 mg of protein from each stage.
adjusted with correction constants to enable direct comparison between the pI 4 to 7 and pI 3 to 10 datasets. The relative volumes for a particular spot, obtained from at least three biological analyses, were averaged. Within these protein groups, the protein expression data and SD values for each developmental stage were plotted on a line graph (Fig. 3) .
To ensure the quality of expression data, threshold criteria were established for image analysis. To be included in expression analyses, each spot group needed to be represented in at least three out of four biological replicates. In total, 488 proteins satisfied these criteria from 2-DE gels of pH range 4 to 7. An additional 191 proteins from pH 3 to 10 gels (pH 7-10 region only) also satisfied these criteria (Fig. 4) . The software used for this analysis assigned a unique number to each detected spot within each gel in the series (spot 3514 in Fig. 3 ). After analyzed gels were matched to a reference gel, protein groups were established and assigned a spot group number (1100 in Fig. 3 ) corresponding to the number of that particular spot on the reference gel. Using this systematic approach, the expression profiles for 679 spot groups were obtained in biological triplicate for each of the five developmental stages.
Peptide Mass Fingerprinting Using the Soybean UniGene Database Yielded 422 Protein Assignments
Each of the 679 proteins with confirmed expression profiles was excised from reference gels for identification by matrix-assisted laser desorption ionization Figure 3 . Experimental design for protein expression analysis. Four biological replicates for each developmental stage were analyzed using 2-DE. For quantification, only high-quality protein spots that were present in at least three out of the four gels were analyzed. Expression analyses were carried out using ImageMaster 2-D Platinum software version 5.0. Spots from analyzed gels were matched with spots from reference (pooled) gel and relative volumes (RV) were calculated for each spot group. Average relative volume for matched spots from replicate gels was calculated, and data were plotted onto a line graph. Finally expression profile data were uploaded onto a Web-based data repository (http://oilseedproteomics.missouri. edu/).
time-of-flight mass spectrometry (MALDI-TOF-MS; Fig. 4 ). After MALDI-TOF analysis of tryptic peptides, mass tags were searched against the soybean UniGene database using the MS-FIT program of Protein Prospector (University of California, San Francisco, CA). The identification output was a list of 50 possible identifications (candidates) sorted according to their Molecular Weight Search (MOWSE) scores (Pappin et al., 1993) . All candidates with MOWSE scores lower than 1 3 10 3 or with protein coverage less than 4% were discarded. Those with MOWSE scores greater than 1 3 10 6 were selected as positive assignments. . Experimental design for protein identification analyses using MALDI-TOF-MS. Protein spots with expression profiles were excised from reference (pooled) gels from pH ranges 3 to 10 and 4 to 7. For the pH 3 to 10 gel, spots were excised only from the pH 7 to 10 region to minimize redundancy. Each spot was trypsin digested, and peptides were analyses using MAL-DI-TOF-MS. Resultant spectra were searched against the NCBI soybean UniGene database using the MS-Fit program of Protein Prospector. All 422 identified proteins are listed in Table I and can also be accessed from a Web database.
Candidates with MOWSE scores between 1 3 10 3 and 1 3 10 6 were subject to additional selection criteria. The theoretical molecular weight (MW) and pI should not differ more than 25% from the gel MW/pI value obtained from 2-DE gel calibration. If multiple candidates satisfied these criteria, the candidate with the highest MOWSE score was selected. Using this systematic approach, 422 proteins out of 679 (62%) were identified (Table I) . One unique protein was often represented by more than one spot on the 2-DE gel, most likely due to posttranslation modifications or genetic isoforms. Taking into account this redundancy, 216 unique proteins out of 422 were identified.
Protein Classification and Assembly of a Web-Based Database
Each of the 422 identified proteins was classified into one of 15 functional categories as established by Bevan et al. (1998;  Table I ). The largest functional class, 82 proteins, was associated with metabolism. Within the metabolic protein class, a large subclass was formed by proteins associated with lipid and sterol metabolism (27) . Not surprisingly, the second largest functional class was comprised of proteins associated with protein destination and storage, including 52 spots assigned to the seed storage proteins b-conglycinin and glycinin. Frequency distribution of the 216 unique proteins is shown in Figure 5 . The largest group is represented by unclassified proteins (28%), followed by metabolic proteins (22%) and destination and storage proteins (10%).
A database, constructed and appended for archiving the data from this investigation, was the Web portal for proteomics research on oilseed plants (http://oilseedproteomics.missouri.edu/). This Web database offers two result viewing options: (1) a list of identified proteins sorted into plant functional categories with identification numbers linked to expression profile and identification data; and (2) interactive images of pooled gels pH 4 to 7 and pH 3 to 10 with active spot links that will lead users to expression and identification data. The protein identification data contain basic parameters describing PMF data and also a list of masses and intensities of tryptic peptides to allow for independent validation and updating of protein assignments.
DISCUSSION
Seed development can be simplified by categorizing this complex process into three sequential, temporal phases: embryogenesis, seed filling, and maturation. The seed-filling phase of development is the longest phase and is a period of cell division and cell expansion as well as storage product synthesis (Mienke et al., 1981) . The metabolic events that occur during seed filling determine the overall storage composition of seed, and targeted transgenic alteration of these pathways can have a major impact on seed quality traits (Thelen and Ohlrogge, 2002) . Despite its importance in quantitative trait determination, the seed-filling phase of oilseed development is poorly understood from a regulatory perspective. A recent investigation on the proteomics of seed filling in M. truncatula has been reported (Gallardo et al., 2003) . The authors profiled and identified 84 proteins at various stages of M. truncatula seed development, and 23 of those identified proteins were storage proteins specific for Medicago. Interestingly, only 15 proteins from this study on soybean seed filling also were observed in Medicago, a related legume. Many of those common proteins, including Suc synthase and Met synthase, shared similar developmental expression profiles. Recently, two studies were published on proteomics of mature soybean seeds; Herman et al. (2003) identified 111 proteins, and Mooney and Thelen (2004) identified 44 proteins. When compared with this study, 55 and 22 proteins, respectively, were also identified and characterized during the seed-filling period of the current investigation.
Composite Expression Profiles of Plant Functional Classes Reveal Different Expression Trends
To characterize global expression trends of proteins involved in different processes, we established composite expression profiles by summing protein abundance, expressed as relative volume, for each protein in each functional class for the five seed stages (Figs. 6 and 7). Relative abundances of metabolic proteins decreased during the experimental period (Fig. 6A) , suggesting metabolic activity curtails as seeds approach maturity. Interestingly, proteins involved in lipid and sterol metabolism decreased from 2 to 4 WAF, but after 4 WAF their abundance slightly increased. The protein destination and storage class of proteins increased during late seed filling, and this was due to the preponderance of seed storage proteins (Figs. 6B and 7). The transporter class of proteins, which includes the ubiquitous Suc-binding proteins, exhibited almost constant but slightly increased expression during the experimental period (Fig. 6C) . Disease-and defense-related proteins were highly abundant at the early stage of seed filling; later their abundance decreased to about 50% and from 4 WAF was stable. Proteins involved in energy production increased in abundance during seed filling (Fig. 7) , whereas cell growth and division proteins as well as signal transduction proteins each had decreasing expression profiles. Proteins involved in protein synthesis and secondary metabolism decreased in abundance during the experimental period.
Unknown Proteins Account for 22% of All Identified Proteins
Out of 422 identified proteins, 92 were annotated as unknown. The classification of unknown proteins based on their expression profiles may provide clues about possible functions in seed development (Fig. 8) . Based upon the similarities between expression profiles of unknown proteins and expression profiles for each major functional class (Figs. 6 and 7) , it is possible to speculate on the function of these unknown proteins. Often expression of different isoforms of the same protein have different trends (i.e. Suc-binding proteins discussed in the next paragraph; 7 increased, 5 decreased). For this reason, the composite expression profile of the functional class taken for comparison needs to contain a significant number of proteins. Taking into account the number of identified proteins in this study, functional classes with 40 and more proteins were considered suitable for such analysis.
The largest group of unknown proteins (57%) decreased in expression during seed development. This expression profile is characteristic for proteins involved in metabolism (Fig. 6A ) and cell growth/ division (Fig. 7) . Thirteen percent of unknown proteins increased in abundance during seed filling, and this was characteristic for proteins associated with protein destination and storage (Fig. 6B ). Eight percent of unknown proteins had stable relative abundance through the experimental period, similar to the transporter class of proteins (Fig. 6C) . For the remaining 15% that had maximum abundance and 7% that had minimal abundance at 4 WAF, it is not possible to correlate function because no functional class shares these expression profiles.
Multiple Isoforms for Suc-Binding Protein and Suc Synthase Show Varied Expression Profiles
To provide carbon for all major classes of storage products, developing seeds import Suc, which is cleaved by Suc synthase (Gifford and Evans, 1981) . The regulation of Suc transport throughout the plant has a tremendous impact on plant growth and productivity (Gifford and Evans, 1981) . We identified 13 Suc-binding proteins mapping to the same UniGene accession number (Gma.1872). This 62-kD Suc-binding protein was previously shown to be involved in Suc transport (Grimes et al., 1992) . Previous transcriptome investigation of Arabidopsis seed filling reported increased expression of Suc-binding proteins through seed filling (Ruuska et al., 2002) . In this investigation, seven proteins identified as Suc-binding proteins (spots 372, 376, 383, 386, 478, 515, and 2186) increased in abundance through soybean seed filling, in agreement with the previous Arabidopsis microarray investigation. Interestingly, five Suc-binding proteins showed opposite expression trends, their relative abundance decreased during seed filling (spots 405, 463, 522, 631, and 754 ). The expression profiles of these proteins may support previous investigations on the importance of Suc as a signaling molecule in seed and embryo development (Konradova et al., 2002; Bate et al., 2004; Yang et al., 2004 ; for review, see Borisjuk et al., 2004) .
In legumes, it was reported that the transcript level of Suc synthase steadily increased until the middle of development and declined thereafter. Suc levels approximately paralleled levels of Suc synthase mRNA (Heim et al., 1993) . In our study, we identified six proteins (spots 225, 229, 232, 233, 234, and 237) as Suc synthases with the same UniGene number (Gma.1828). Protein expression for these proteins generally agreed with this pattern but also provided additional information about the abundance of different isoforms of Suc synthase during seed filling. For example, protein spots 225, 229, and 237 accumulated until 3 WAF, spot 234 until 4 WAF, and then all decreased. Spot 232 decreased almost linearly, and spot 233 followed this expression profile but from 5 WAF accumulated again. In contrast with Suc synthase accumulation in legumes, in Arabidopsis seeds the expression of several Suc synthase clones revealed by microarray analysis increased strongly after 4 DAF (Ruuska et al., 2002) . Similar results were obtained also in developing rapeseeds (King et al., 1997) . In contrast with legumes, Suc synthase accumulation in Arabidopsis and rape coincided with an increase in oil and protein synthesis rather than with the intermittent starch accumulation in young seeds (Ruuska et al., 2002) .
The products of Suc synthase are largely metabolized through the glycolytic pathway, before utilization in subsequent reactions, such as amino acid and fatty acid biosynthesis. Oilseeds have a complete set Figure 5 . The functional distribution of nonredundant proteins identified from developing soybean seed. From 422 total identified proteins, 216 had nonredundant functions. The pie chart shows the distribution of these nonredundant genes after functional classification. Functional classification was based upon nomenclature by Bevan et al. (1998) .
of glycolytic enzymes in plastids, in addition to the cytosolic pathway (Miernyk and Dennis, 1983) . Interestingly, the activity of several plastic glycolytic enzymes decreased during oil synthesis in rape embryos (Eastmond and Rawsthorne, 2000) . Results published on Arabidopsis seeds suggest that a major route of carbohydrate conversion into oil involves cytosolic glycolysis to phosphoenolpyruvate (PEP), followed by PEP import to plastids and its conversion to pyruvate and acetyl-CoA for de novo fatty acid synthesis Ruuska et al., 2002) . Our results indicate the presence of a cytosolic pyruvate kinase (UniGene accession no. Gma.4073) during seed filling. This enzyme was isolated from developing soybean seeds, and the authors found 51-and 55-kD subunits (Tang et al., 2003) . Our results also indicated two pyruvate kinases, spot 2270 at 54 kD and spot 2390 at 47 kD. The relative expression profiles of these spots decreased during development, which approximated the relative gene expression data for cytosolic pyruvate kinase obtained during microarray analysis of developing Arabidopsis seeds (Ruuska et al., 2002) . Figure 6A gives a general overview on the expression of 82 identified proteins associated with metabolism. The expression of metabolic proteins gradually decreased during seed filling. It is well known that soybean seeds and seed proteins are deficient in the sulfur-containing amino acids Cys and Met, and a major research effort is concentrated on increasing sulfurcontaining amino acids within soybean seeds. The key enzymes for biosynthesis of both amino acids, Cys synthase (spot 984) and Met synthase (spot 281), were found in this study. The peak of expression for Cys synthase was at 3 WAF, after which the expression level decreased rapidly. In the case of Met synthase, the relative abundance rapidly decreased through seed filling and was about 5 times lower at 6 WAF when compared with 2 WAF. This is in agreement with previous studies in which Met synthase was reported to be present at low levels in mature Arabidopsis seeds (Gallardo et al., 2002 ).
Key Enzymes of Cys and Met Biosynthesis Share Similar Expression Profiles
14-3-3-Like Proteins May Perform an Important Role during Seed Development The 14-3-3 proteins play important roles in various aspects of plant and metabolic processes (for review, see Roberts, 2003) . Recent evidence suggests involvement of 14-3-3 proteins in coordination of primary carbon and nitrogen metabolism (Comparot et al., 2003) . Proteomic analysis of nitrogen mobilization in pea leaves during seed filling (Schiltz et al., 2004) identified three 14-3-3-like proteins, displaying different expression patterns; two proteins increased and one decreased in abundance. Our study on soybean seed filling identified four 14-3-3-like proteins. Interestingly, three of them (spots 1027, 1029, and 1081) increased and one (spot 1046) decreased in expression during the experimental period. Since these proteins are regulatory in function, the presence of these proteins during seed filling warrants further investigation.
Lipoxygenases May Have Multiple Roles during Seed Filling Based on Contrasting Expression Profiles
Lipoxygenase (LOX) activities have been shown to be induced during plant defense responses (Keppler and Novacky, 1987) . LOX also may have a direct role in signaling plant defense and wounding responses via the production of jasmonic acid (Farmer and Ryan, 1992) , and many jasmonate-inducible proteins appear to be involved in plant defense responses (Reinbothe et al., 1994) .
In this study, we identified 8 unique LOX representing 16 individual spots. Five spots (204, 746, 758, 982, and 2373) were identified as LOX L9 originally isolated from soybean var Paldal (Ahn et al., 2003) . One of the detected LOX L9 (spot 746) was the most abundant LOX, with relative abundance of 0.7% 6 0.17% at 2 WAF. The activity of LOX L9 was reported to be downregulated by the suppression of ascorbate peroxidase (spot 1095) and catalase (spots 418, 568, 611, 717, 812, 2297, 2332, and 2389) , which are known to scavenge endogenous H 2 O 2 (Ahn et al., 2003) . One protein was identified as LOX vlxC, and its abundance decreased during seed filling (spot 2092). This LOX accumulates in mature leaves in response to a variety of sink limitations (Bunker et al., 1995) and was localized to the cytoplasm of a single discrete cell layer in the mesocarp of soybean pod walls (Dubbs and Grimes, 2000) . Interestingly, vlxC was the second most abundant LOX, with relative abundance of 0.75% 6 0.11% at 2 WAF. Another two LOX with decreasing expression profiles (spots 185, 187) were isolated previously from soybean var Williams 82 (UniGene accession no. Gma.7625). Another LOX protein increased in expression during the experimental period (spot 204) and was identified as LOX 1, an enzyme involved in the metabolism of polyunsaturated fatty acids in eukaryotes (Di Venere et al., 2003) . Two spots that increased during seed development were identified as LOX 2 (spots 206, 220), originally characterized by Shibata et al. (1988) . LOX 3, originally identified from soybean (Kramer et al., 1994) , represented by spot 212, also increased during the seed-filling period. Additionally, one protein (spot 164) with decreasing relative abundance was identified as LOX 5. Another four (spots 172, 277, 346, and 2081) with decreasing relative abundance were identified as LOX 7. One of these (spot 2081) had the third highest abundance between identified LOX, with relative abundance of 0.38% 6 0.12% at 2 WAF. This LOX has been cloned from soybean by Saravitz and Siedow (1996) and was reported to be induced by wounding of soybean leaves.
Seed Storage Proteins Are the Major Contributors to Protein Content at Later Stages of Seed Filling
The two major seed storage proteins from soybean are multimeric with Svedberg coefficients of 7 and 11S. The 7S globulins are comprised of b-conglycinin subunits, whereas 11S globulins are comprised of glycinin proteins (Roberts and Briggs, 1965; Hill and Breidenbach, 1974; Thanh and Shibasaki, 1976) . This study identified 26 protein spots each as b-conglycinin and glycinin. Genetic redundancy is one possible explanation for the multiple species observed within these proteins. The b-conglycinin class of 7S seed storage proteins is a large multigene family that codes for two mRNA classes of 2.5 and 1.7 kb (Goldberg et al., 1981; Schuler et al., 1982a Schuler et al., , 1982b Harada et al., 1989) . The 2.5-kb mRNA encodes two protein subunits, a and a#, whereas the 1.7-kb mRNA encodes the b-subunit Schuler et al., 1982b) . We identified 16 protein spots under UniGene accession number Gma.2270 annotated as pre-pro b-conglycinin a#-subunits, an additional 7 protein spots under UniGene accession number Gma.17512, and 1 (Gma.5834) annotated as b-conglycinin a-subunit (Table I) . Finally, two protein spots were identified (spots 638, 650) as b-conglycinin b-subunits. Regarding the second major soybean seed storage protein, our study identified 12 proteins as glycinin A2B1a precursors (Gma.1857), 2 proteins as glycinin A5A4B3 subunit precursors (Gma.1812), 7 glycinin precursors (Gma.1897), and 5 glycinins with UniGene accession number Gma.8205 (Table I) . When these results were compared to previously published studies on proteomics of mature soybean seeds (Herman et al., 2003; Mooney and Thelen, 2004) , nearly twice as many a-subunits of b-conglycinin were identified here, which may suggest a more complex organization than previously thought.
Soybean Allergenic Proteins Begin to Accumulate as Early as 2 WAF
Three soybean proteins, Gly m Bd 60 K, Gly m Bd 30 K, and Gly m Bd 28 K, represent the main seed allergens in soybean-sensitive patients (Ogawa et al., 2000) . Gly m Bd 60 K is the a-subunit of b-conglycinin, and Gly m Bd 30 K was identified as a 34-kD seed vacuolar protein, P34 (Kalinski et al., 1990 (Kalinski et al., , 1992 Ogawa et al., 1993) . We identified the precursor for this protein (spot 722), which started to accumulate at 2 WAF and reached its maximum abundance at 4 WAF (0.43% 6 0.038%). The position of the 34-kD seed vacuolar protein precursor (spot 722) on our gel is different when compared with the 2-DE gel reference map from a previous study of allergen proteins from soybean (Herman et al., 2003) , in which the authors identified the mature 34-kD seed vacuolar protein, not the precursor. The last protein in the series, Gly m Bd 28 K, also was identified in this investigation (spot 2779). It is MP27-MP33 homolog, a minor soybean seed globulin (Tsuji et al., 1995) . Accumulation of this protein began at 2 WAF, with relative abundance of 0.015% 6 0.013%, and then gradually increased to reach 0.58% 6 0.27% at 6 WAF. A better understanding of the expression profiles for the allergens may assist targeted transgenic down-regulation.
Soybean Kunitz trypsin inhibitor (SKTI) is a small monomeric, nonglycosylated protein containing 181 residues that has been characterized as a human food allergen (Burks et al., 1994; Quirce et al., 2002) . Kunitz trypsin inhibitor was initially characterized by Kunitz (1945) and has been found to have six forms: Tia and Tiab (Singh et al., 1969) , Tic (Hymowitz, 1973) , Tid (Zhao and Wang, 1992) , Tie (Wang et al., 1996 (Wang et al., , 2001 , and nulltype ti (Orf and Hymowitz, 1979) . Our study identified four proteins (spots 1219, 1236, 1241, and 1247) as Kunitz trypsin inhibitor subtype A (UniGene accession no. Gma.13030). Each begins to accumulate at 3 WAF. According to expression profiles, it is possible to divide detected SKTI into two groups. The most abundant protein (spot 1247) accumulated almost linearly up to 5 WAF and then reached maximum at 6 WAF with a relative abundance of 2.96% 6 0.36%. The second most abundant SKTI (spot 1241) also followed this trend. The remaining two low abundant SKTI (spots 1219 and 1236) also accumulated at 3 WAF, reached a maximum at 4 WAF, and then decreased in abundance.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Soybean plants (Glycine max L. Maverick) were grown (ProMix soil, Quakertown, PA) in a greenhouse in Columbia, Missouri, with supplemental lighting (16-h-light/8-h-dark cycle, 26°C day/21°C night). Plants were not nodulated and were fertilized at 2-week intervals (all-purpose fertilizer, 15-30-15). Soybean flowers were tagged after opening (between 1 and 3 PM CST), and developing seed were collected precisely 2, 3, 4, 5, and 6 WAF, i.e. 14, 21, 28, 35, and 42 DAF. Seed length, thickness, and width were measured using a micrometer. Fresh and dry weight as well as total protein content were measured at each seed stage. Protein was quantified from whole-seed homogenates using a dye-binding protein assay (Bradford, 1976) .
Two-Dimensional Gel Electrophoresis
Total protein was isolated from developing seed according to a modified phenol-based procedure based upon that of Hurkman and Tanaka (1986) . Immature seeds (0.5 g) were pulverized to a fine powder with liquid nitrogen and a mortar and pestle. The powder was resuspended directly in 10 mL of homogenization media (50% [v/v] phenol, 0.45 M Suc, 5 mM EDTA, 0.2% [v/v] 2-mercaptoethanol, 50 mM Tris-HCl, pH 8.8). The homogenate was allowed to reach room temperature, transferred to a 50-mL polypropylene tube, and mixed on a Nutator (Becton Dickinson, Franklin Lakes, NJ) shaken for 30 min at 4°C. After the 15-min centrifugation at 5,000g and 4°C, the phenol phase was removed and proteins were precipitated with 5 volumes of ice-cold 0.1 M ammonium acetate in 100% methanol at 220°C for 16 h. Then, after 10 min of centrifugation at 5,000g, the protein pellet was thoroughly washed twice in 20 mL of 0.1 M ammonium acetate in 100% methanol, followed by 2 washes in icecold 80% acetone and final wash in 70% ethanol. The protein pellet was dried for 5 min at 37°C and resuspended immediately prior to isoelectric focusing (IEF).
Proteins pellets were resuspended in 1 mL of IEF sample extraction media (8 M urea, 2 M thiourea, 2% [w/v] CHAPS, 2% [v/v] Triton X-100, 50 mM dithiothreitol) by vortexing at low speed for 1 h. Insoluble matter was removed by centrifugation for 20 min at 14,000g. Protein concentration was determined using a protein assay from Bio-Rad (Hercules, CA), based upon the modified procedure of Bradford (1976) . Protein quantification was performed in triplicate against a standard curve of chicken g-globulin. The desired amount of protein (1 mg) was added to a 1.5-mL tube, and volume was brought up to 450 mL with IEF extraction media. Ampholytes (2.25 mL) were added, mixed by vortexing, and centrifuged for 5 min at 14,000g to remove the remaining insoluble matter. The protein mix was transferred into an IEF tray, and an IPG (24 cm; Amersham Biosciences, Uppsala) was carefully placed onto the protein sample and allowed to rehydrate for 1 h prior to the addition of mineral oil. The IEF tray was placed into protean IEF cell unit (Bio-Rad). Active rehydration (10 h at 50 V) was performed, and this was directly linked to the three-step focusing protocol: 100 V for 100 Vh, 500 V for 500 Vh, and 8,000 V for 99 kVh.
Following IEF, IPG strips were removed from focusing tray, blotted to remove mineral oil, and incubated in SDS equilibration buffer (1.5 M Tris-HCl, 6 M urea, 30% [v/v] 
Analysis of 2-D Gels
Image acquisition was performed using a ScanMaker 9800XL (Microtek, Carson, CA) with a resolution of 300 dpi and 16-bit grayscale pixel depth. Image analysis was carried out with ImageMaster 2D Platinum software version 5.0 (Amersham Biosciences, Uppsala), which allows spot detection, quantification, background subtraction, and spot matching among multiple gels. Each stage of seed development was analyzed at a minimum in biological triplicate. Protein spots were selected for profile analysis only if they were confirmed in at least three independent sample sets. For the purpose of spot analysis, a reference or pooled gel was created by pooling equal amounts of protein (200 mg) of each seed stage onto one gel.
To compensate for subtle differences in sample loading, gel staining, and destaining, the volume of each spot (i.e. spot abundance) was normalized as relative volume. This normalization method provided by ImageMaster 2D Platinum software divides each spot volume value by the sum of total spot volume values to obtain individual relative spot volumes. Total spot volume refers to the sum volume of all spots chosen for analysis; therefore, the volumes of spots excluded from the analysis were not considered. After spot detection, quantification, and background subtraction, each analyzed gel was matched individually to the reference gel, and matched spots were grouped into subclasses.
To enable direct comparison between protein relative abundances (expressed in relative volumes) from the two independent datasets (i.e. pI 4-7 and pI 3-10), a second normalization was performed. For each experimental stage, the total spot volume was calculated for each gel in the analysis separately, and the correction constants for gels pI 4 to 7 (C pI 4-7 ) and pI 3 to 10 (C pI 3-10 ) were calculated using following formulas: where Vol S is the volume of spot S in the gel containing n spots. The average correction constants from each experimental stage were calculated and used for correction by multiplying individual relative volumes with the correction constant for particular dataset (i.e. pI 4-7 and pI 3-10 datasets). Finally, average corrected relative volumes (from biological triplicate analyses) and SDs for each developmental stage within each protein group were calculated, and values were plotted on a line graph and deposited into a Web-based database.
Protein Identification by Mass Spectrometry
Each protein spot from a pooled reference gel was arrayed into 96-well MultiScreen plate model R5.5mm hydrophilic PTFE membrane, glass-filled polypropylene plates (Millipore, Bedford, MA) using 3.0-mm-diameter pins on the GelPix robotic spot excision station (Genetix, Milton, UK) or using a 1.5-mm-diameter manual excision pen (Gel Company, San Francisco). After arraying of protein spots, gel plugs were destained three times in 50% acetonitrile, 50 mM ammonium bicarbonate for 15 min at room temperature with gentle agitation using a microplate shaker. Destaining solution was evacuated from the bottom of the filter plates using a vacuum manifold (Millipore). Gel plugs were dehydrated in 100% acetonitrile for 5 min at room temperature. Acetonitrile was evacuated, and plates were gently blotted to filter paper to remove residual acetonitrile. Then 96-well polypropylene V-bottom sample collection plates were placed underneath each MultiScreen plate. The gel plugs were digested with 50 mL of sequencing grade trypsin manufactured by Promega (Madison, WI; 0.004 mg/mL in 50 mM ammonium bicarbonate) for 16 h at 37°C. After digestion, tryptic peptides were extracted from gel plugs using 100 mL of extraction solution (60% [v/v] acetonitrile, 1% [v/v] formic acid). After 10 min of extraction with gentle agitation, peptides were collected into V-bottom 96 collection plates by centrifugation at 2,000g for 2 min. The extraction procedure was repeated with the same amount of extraction solution. Extracted tryptic peptides were dried by centrifugal vacuum evaporation and stored at 280°C until analysis.
Prior to mass spectrometry, peptides were desalted using C18 microbed chromatography (ZipTip; Millipore). Dried tryptic peptides were resuspended in 10 mL of 1% formic acid. ZipTips were conditioned in 100% acetonitrile, followed by 70% (v/v) acetonitrile, 1% (v/v) formic acid and finally in 1% (v/v) formic acid. After peptide binding and washing with 1% (v/v) formic acid, peptides were eluted from C18 matrix with 7 mL of elution solution (70% [v/v] acetonitrile, 1% [v/v] formic acid). Then 0.5 mL of eluted peptides was applied to a 96 3 2 Teflon MALDI plate and mixed on target with 0.5 mL of matrix solution: 10 mg/mL a-cyano-4-hydroxycinnamic acid (Sigma-Aldrich Fluka, St. Louis) prepared in 70% (v/v) acetonitrile, 1% (v/v) formic acid and 10 mM ammonium phosphate. Analysis of trypsin-digested protein samples was carried out on Voyager-DE Pro MALDI-TOF-MS (Applied Biosystems, Foster City, CA). The MALDI-TOF was operated in the positive ion delayed extraction reflector mode for highest resolution and mass accuracy. Peptides were ionized with 337-nm laser and spectra were acquired at 20 kV acceleration potential with optimized parameters. Close external calibration was employed using a mixture of standard peptides (Applied Biosystems). This calibration method typically provided mass accuracy of 25 to 75 ppm across the mass range 700 to 4,500 D. Peptide spectra were automatically processed for baseline correction, noise removal, peak deisotoping, and threshold adjustment (2% base peak intensity) prior to submission to a local copy of version 3.2.1 of the MS-Fit program of Protein Prospector (http://prospector.ucsf.edu) through the Proteomics Solution I software suite (Applied Biosystems). Search criteria required the match of at least four peptides with a mass error of less than 150 ppm for tentative protein assignment. All searches were performed against the National Center for Biotechnology Information (NCBI) soybean UniGene database (12,629 entries as of August 2004; http://www.ncbi.nlm.nih.gov/entrez/ query.fcgi?db5unigene). Candidate identifications with MOWSE scores higher than 1 3 10 6 were automatically considered as positive assignments. For all other assignments of protein spots, the MOWSE score cutoff threshold was 1 3 10 3 . Additionally, positive protein assignments required greater than 4% sequence coverage and less than 25% deviation between theoretical and experimental MW and pI values obtained from calibrated 2-D gels. If more than one protein satisfied mentioned threshold criteria, the entry with the highest MOWSE score was assigned.
Web Database Construction
Programming for the Web database was scripted through C (Kerninghan and Richie, 1978) and gnuplot (www.gnuplot.info). All expression data were parsed and formatted prior to creating expression graphs using the gnuplot software package. Simple script in C automated the process of creating expression pages for each spot. Scripts were used to create mass spectrometry data files from the analysis data. Spot coordinates along with spot identification were exported from ImageMaster software to XML Web page. This XML page was parsed, and coordinates for each spot identification were transformed according to the image resolution and tagged to the expression page through standard scripting. Gcc-3.4 compiler was used to compile the scripts, which were executed on a Linux 2.4.20-based server.
Supplemental Data
A proteomics database archiving all protein expression and identification data discussed here can be found at http://oilseedproteomics.missouri.edu/. The supplemental files online contain all expression profile data.
